Minority carrier lifetime in long-wave infrared (LWIR) type II InAs/GaSb superlattices was studied using the optical modulation response (OMR) technique in wide ranges of excitation and temperature. The measured carrier lifetime was found to increase superexponentially with decreasing excitation power density below the level of 1 mW/cm 2 to 2 mW/cm 2 . The phenomenon was qualitatively explained by the presence of shallow trapping centers.
INTRODUCTION
Antimony-based type II strained-layer superlattices (T2-SLSs) are of great interest in the development of high-performance LWIR photodetectors and focal-plane arrays due to their bandgap tunability, material uniformity, and low Auger recombination. [1] [2] [3] In the past several years, major efforts have been made to improve the performance of T2-SLS photodetectors regarding growth, processing, and structural design. [4] [5] [6] [7] Current designs utilize a p À -doped absorber and heterojunction barriers to reduce the generation-recombination and tunneling components of dark current. 6 The performance of such photodetectors was reported to be limited by the Shockley-Read-Hall (SRH) carrier recombination process in the absorber. 8 We previously reported the measurement of minority carrier lifetime in a LWIR T2-SLS structure with energy gap of 0.12 eV at 77 K. 9 The SRHlimited lifetime of 30 ns at 77 K was determined from the dependence of lifetime on excitation power using the OMR technique. Similar lifetime values were determined from diode I-V characteristics 10 and time-resolved photoluminescence (TRPL) decay measurements. 11 In this work we present the results of minority carrier lifetime measurements performed at lower excess carrier densities (approximately from 10 14 cm À3 to 10 15 cm À3 ) in a wider temperature range (from 20 K to 250 K). The results reveal interesting features of the mechanism of the minority carrier recombination process under low excitation conditions.
EXPERIMENTAL PROCEDURES
The SLS structure was grown by molecular beam epitaxy on a low-doped p-type GaSb substrate. The structure consists of a 1.8-lm-thick InAs/GaSb SLS layer (400 periods) enclosed within thin AlSbAs carrier confinement layers. A thin GaSb cap layer was grown on top of the structure to prevent oxidation. The SLS absorber had 13 monolayers (ML) of undoped InAs and 7 ML of beryllium-doped GaSb. The target background hole concentration at 77 K was 1 9 10 16 cm À3 . The structure exhibited a photoluminescence (PL) emission peak at 0.16 eV at 77 K.
The minority carrier lifetime was measured by the OMR technique. 9, 12 Optical excitation was generated by a directly modulated 1.5-lm fiber-coupled laser diode. The excitation beam was converged by a CaF 2 lens; the beam width at half-maximum was 380 lm on the specimen surface. We used a reflective objective to collect the PL within a solid angle of about 1.8 steradians. The PL was converged by a ZnSe lens onto a 250-lm-diameter liquid-nitrogencooled mercury cadmium telluride (MCT) photodetector. The modulated PL signal was selected and amplified by a Stanford Research radiofrequency (RF) lock-in amplifier (SR844). The narrow-band amplification of the sine-wave signal by the lockin amplifier improved the signal-to-noise ratio, allowing for the reduction of the optical excitation.
Two parameters were extracted from the fit of the PL frequency response to the dependence PL x /[1 + (xs) 2 ] 0.5 : the carrier lifetime s, and the amplitude of the modulated PL signal in the low-frequency limit (x « 1/s), PL x . When the modulation amplitude of the excitation is small compared with the steady-state excitation, the derivative of the steady-state PL intensity PL 0 with respect to the steady-state carrier generation rate G 0 can be replaced by the ratio of the modulation amplitudes PL x /G 1 , where G 1 is the amplitude of the modulated excitation in terms of the carrier generation rate. Therefore, PL x can be expressed as
G 0 and G 1 were calculated from the excitation power and area assuming complete absorption of the optical excitation in the superlattice layer. The reflection of 35% of the excitation power at the interface between the sample and air was taken into account. The excitation power was controlled by either the laser operating current or the optical attenuation using a variable metallic neutral density filter. Figure 1a presents the PL frequency response data measured at T = 20 K for a series of excitation levels. The lifetime value derived from fitting was s = 26 ns at excitation of 13.6 W/cm 2 , corresponding to excess carrier concentration Dn = 6 9 10 15 cm À3 or excess carrier generation rate G 0 = 2.3 9 10 23 cm À3 s
RESULTS AND DISCUSSION

À1
. A rapid decrease of the reciprocal carrier lifetime 1/s towards low excitation was observed, as shown in Fig. 1b . A lifetime of s = 58 ns was obtained from fitting at excitation of 0.23 W/cm 2 . The phenomenon can be possibly associated with a shallow-traprelated recombination process, as discussed below.
In the steady-state condition, the generation and recombination rates of the excess carriers are equal:
where s r is the recombination lifetime of excess carriers. Previous results have shown that, in InAs/ GaSb superlattices, the SRH process dominates the recombination of excess carriers for a moderate level of excitation (Dn = 10 15 % 10 16 cm À3 ). 12, 13 The measured values of s r were typically in the range from 20 ns to 30 ns, as shown in Fig. 2 (right y-axis 
where B¢ is the radiative recombination coefficient taking into account the collection efficiency of the detection system; p 0 is the background hole concentration at equilibrium. The parameter (PL x /G 1 ) can be calculated from the derivative of PL 0 with respect to G 0 , combining Eqs. 1-3. Since s r is a slow function of G 0 for G 0 > 3 9 10 22 cm À3 s À1 , the derivative of s r is omitted and the expression can be simplified as , (PL x /G 1 ) was nearly constant, probably due to a relatively large background carrier concentration (p 0 » 2G 0 s r ). Thus (PL x /G 1 ) approximates to a linear function proportional to the recombination lifetime s r , especially at low excitations. However, when the excitation was decreased to the level of G 0 < 3 9 10 22 cm À3 s
, as shown in Fig. 2, (PL x /G 1 ) dropped rapidly while the measured lifetime increased superexponentially. This discrepancy can be possibly attributed to the presence of shallow traps.
Shallow-trap-based models have commonly been used to explain the abnormally high effective lifetimes derived by photoconductance measurements under low injection in Si. 13, 14 Trapping of minority carriers suppresses the recombination of excess carriers through SRH centers and results in a larger photoconductance and, therefore, an increased effective lifetime. The process may have a similar impact on the carrier lifetime measured by optical techniques. 15 In the condition of low carrier injection, i.e., close to the density of shallow traps, a considerable portion of the steady-state excess electrons in p-type materials can be captured by the shallow traps. The captured electrons can escape from the traps to the conduction band at a slower rate, depending on the temperature, the energy levels of the traps, and other factors. This recycling process can decrease the overall rate of electron recombination through deep centers and could be the reason for the observed increase of the measured minority carrier lifetime. Statistically, since a considerable portion of the excess electrons is trapped, low PL intensity is also expected. Once the flux density of excitation photons is increased to a certain level, most of the shallow traps are occupied by electrons, so the measured lifetime will reflect the actual recombination rate of the minority electrons.
The signal-to-noise ratio achieved in this work allowed carrier lifetime measurements in a wide temperature range up to 250 K. Figure 3 presents the dependence of reciprocal carrier lifetime on excess carrier generation rate at T = 20 K, 77 K, and 150 K. A sharp decrease of 1/s was apparent up to 77 K. Determination of the carrier lifetime at low excitation was limited by PL quenching at elevated temperatures. The dependence of measured carrier lifetime s on temperature followed T À1/2 up to 250 K in the measured range of excitation, which can be attributed to the change of mean thermal velocity of excess carriers. The inset of Fig. 3 shows the carrier lifetime as a function of temperature measured at G 0 = 2.3 9 10 23 cm À3 s À1 .
CONCLUSIONS
We have presented the results of frequency-domain carrier lifetime measurements in p-doped LWIR T2-SLS under low excitation conditions. The lifetime value of 58 ns was obtained at the low excitation level G 0 = 3 9 10 21 cm À3 s
À1
. A superexponential increase of the measured minority carrier lifetime was found when the excitation level decreased below 1 mW/cm 
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